The aim of this study was to investigate the role of nitric oxide (NO) in the coronary circulation and its relation to basal coronary artery tone in patients with vasospastic angina (VSA). We evaluated the level of nitric oxide end-products (NOx; nitrite + nitrate) in coronary circulation blood using an HPLC-Griess system for nine patients with VSA and nine control patients. All of the patients with VSA experienced focal spasm in the proximal to middle segments of the left anterior descending coronary artery (LAD) in response to intracoronary injection of ergonovine maleate. The luminal diameter of the coronary artery was measured in each patient by quantitative coronary arteriography. Blood samples for NOx measurement were obtained from the coronary sinus (NOx V ) and the ostium of the left coronary artery (NOx A ). The NOx difference, calculated from the coronary venous-arterial difference in NOx, was close to zero for the control patients whereas it was clearly negative for the patients with VSA. In addition, the NOx difference in the patients with VSA showed a negative correlation with basal coronary artery tone (r = − 0.91, p < 0.01) and a positive correlation with the dose of ergonovine required for spasm provocation (r = 0.77, p < 0.05). These results indicate that increased basal coronary artery tone and higher susceptibility to ergonovine in patients with VSA would be a consequence of coronary endothelial dysfunction as is indicated by NOx. (Jpn Heart J 2000; 41: 583-595) Key words: Nitric oxide, Coronary circulation, Vasospasm, Ergonovine maleate THE endothelium modulates coronary vascular tone by releasing endotheliumderived relaxing and constricting substances.
from L-arginine. 4, 5) The importance of endothelial NO has been recently shown in maintaining basal coronary tone in animals and humans, [6] [7] [8] [9] supported by the effects of intracoronary N G -monomethyl-L-arginine (L-NMMA), an inhibitor of NO synthesis, on basal coronary artery response. 8, 9) Quyyumi, et al. 9) investigated the effects of intracoronary infusion of L-NMMA in patients with normal coronary arteriograms and suggested endothelial NO contributed significantly to the resting coronary artery tone.
In patients with vasospastic angina (VSA), basal coronary artery tone is elevated at the spastic site and plays an important role in the pathophysiological conditions. [10] [11] [12] [13] Kugiyama, et al. 14) recently reported that decreased release of NO contributes to the increased basal tone at the spastic site in the spasm artery of patients with coronary spastic angina. However, Egashira, et al. 15) demonstrated that the basal release of NO may not be reduced at the spastic site in patients with variant angina. Thus, these human studies using L-NMMA have yielded conflicting results and the reason why basal coronary artery tone is elevated in patients with VSA remains to be clarified. In the present study, on the hypothesis that the plasma level of NO may relate to basal coronary artery tone in patients with VSA, we examined the level of NO end-products (NOx; nitrite + nitrate) in the coronary circulation.
METHODS
Study Patients: Nine control patients and nine patients with VSA, in whom focal spasm was provoked in the left anterior descending coronary artery (LAD) during diagnostic cardiac catheterization (Table I) , were examined. The VSA patients (mean age, 57 years; range, 41 to 74 years; 9 men) had typical episodes of chest pain at rest and experienced coronary artery spasm in response to intracoronary injection of ergonovine maleate. No patients had significant organic stenosis (≥ 50% reduction in luminal diameter) angiographically. Coronary spasm was provoked during angiography in the proximal to middle segments of the LAD. Patients with diffuse spasms or spasm in the peripheral segment of the LAD were excluded. The control patients (mean age, 62 years; range, 49 to 72 years; 6 men) had atypical chest pain but spasm was not provoked by intracoronary ergonovine maleate. They had angiographically normal or nearly normal coronary arteries. All patients had no history of myocardial infarction, valvular heart disease or congenital heart disease. Written informed consent was obtained from each patient before cardiac catheterization. The coronary risk factors: hypertension, hypercholesterolemia (serum total cholesterol > 220 mg / dl), diabetes mellitus and smoking were assessed for the two groups and there was no significant difference in the risk factor profile between the two groups (Table I) . Study protocol: Anti-anginal drugs were discontinued at least 48 h before cardiac catheterization. Although the use of sublingual nitroglycerin was to be permitted if needed, none of the patients used it in the 6 h before catheterization. Coronary arteriography was performed using Judkins technique as described previously. 16, 17) Coronary arteriograms were recorded using a Philips cineangiography system (Integris H3000). The distances from the X-ray focus to the patient, and that from the patient to the image intensifier, were kept constant during the study. After the baseline coronary arteriography was recorded, ergonovine was infused at 10 µg / min until vasospasm was provoked or until the maximal dose of 50 µg had been given. In this study, coronary spasm was defined as total or Quantitative assessment of the luminal diameter of the coronary artery was performed using a computer-assisted quantitative cardiac analyzer, (CAM-1000, Nishimoto Sangyo Inc., Osaka, Japan). The luminal diameter was analyzed in the right anterior oblique position at end-diastole. For the VSA patients, we measured the luminal diameter of the LAD in which the focal spasm was provoked (spasm site). For the control patients, the LAD site corresponding to the spasm site of VSA patients was measured, and one or two branch points were determined to allow assessment of serial changes in the diameter at the same arterial site in response to ISDN. In addition, the luminal diameter was measured at the proximal and distal segments of the LAD and left circumflex artery (LCx) in both groups. The luminal diameter of the LAD was measured at the artery's origin (proximal) and at the point half the distance from the first major septal branch to the apex of the heart (distal). The diameter of the LCx was also measured at the artery's origin (proximal) and at the origin of the posterior lateral branch (distal). The size of a Judkins catheter was used for calibrating the arterial diameter in millimeters. The basal coronary artery tone was calculated as follows, Basal coronary artery tone (%) = (Diameter after ISDN-Baseline coronary artery diameter) × 100 / Baseline coronary artery diameter Japan), as detailed elsewhere1. 18, 19) The detection limit of the system was 0.1µM with a loading volume of 10 All data are expressed as the mean ± SEM. An unpaired t-test was used to compare the results for the two groups. Correlations between basal artery coronary tone and NOx difference, and between the ergonovine dose and the NOx difference were tested by linear regression analysis. A p value of less than 0.05 was considered statistically significant.
RESULTS

Coronary artery diameter at baseline and after ISDN:
The baseline coronary artery diameters and the diameters after injection of ISDN are shown in Table II . Mean baseline coronary artery diameters of the proximal and distal coronary segments were not statistically different between the two groups. Only baseline coronary diameter at the spastic site in the VSA patients was significantly smaller than that of the corresponding site in the control patients (1.66 ± 0.20 vs 2.47 ± 0.17 mm, p < 0.01). After ISDN administration, however, all of the coronary artery diameters, including the spastic site, in VSA patients were not statistically different from those in the control patients. Basal coronary artery tone: Basal coronary artery tone at all segments in VSA patients showed a tendency to be higher than that in control patients (Table III) . However, basal coronary tone only at the spastic site in VSA patients was significantly greater than that at the corresponding site in control patients (42 ± 7 vs 14 ± 4%, p < 0.01). 
Basal NOx and NOx difference:
The baseline levels of plasma NO 2 − and NO 3 − in the blood from the ostium of the left coronary artery and those from the coronary sinus are shown in Table IV . The plasma concentration of NO 2 − was markedly lower than that of NO 3 − (less than about 2%). The baseline NOx A values did not differ between the two groups (24.8 ± 2.0 vs 28.5 ± 2.5 µM, p = NS) but the baseline NOx V values of the VSA patients were lower than those of the control patients (20.5 ± 2.5 vs 27.5 ± 2.2 µM, p < 0.05). The NOx differences of the control patients were almost zero but they were apparently negative for patients with VSA. Thus, the VSA patients showed significant NOx imbalance compared to the control patients (− 4.3 ± 1.2 vs − 1.0 + 0.7 µM, p < 0.05).
Relations between basal coronary artery tone, NOx balance and ergonovine dose:
We observed a significant negative correlation between the basal coronary artery tone and the NOx difference (r = − 0.917, p < 0.001) for the VSA patients but not for the control patients (Figure 1 ). In addition, there was a significant negative correlation (r = − 0.80, p < 0.01) between the VSA patients' basal coronary artery tone at the spastic site and the dose of ergonovine required for spasm provocation (Figure 2) . We also observed a significant positive linear relationship between the NOx difference of the VSA patients and the dose of ergonovine required for spasm provocation (r = 0.777, p < 0.05) (Figure 3 ).
DISCUSSION
The major findings of this study are that (1) the NOx difference, in other words the coronary venous-arterial difference in NOx concentration, was negative for the coronary circulation for the VSA patients, (2) there was a significant negative correlation between the basal coronary tone at the spastic site and the NOx difference for the VSA patients, and (3) there was a significant positive correlation between the NOx difference and the dose of ergonovine required for spasm provocation.
There are conflicting opinions concerning NO activity in spastic arteries of VSA patients. 14, 15) These studies have been examined using L-NMMA, however, this inhibitor of NO synthesis has been shown to have a difference in constrictive behavior between the proximal and distal epicardial coronary artery segments. 8) Thus, L-NMMA seems to have a limitation on the assessment for the correlation between segmental coronary artery tone and NO activity in the human coronary circulation. In the present study, we directly measured the plasma levels of NO 2 − and NO 3 − with an HPLC-Griess system which functions at a high rate of reliability and a precise quantitative determination.
20)
Zeballos, et al. 21) suggested that a single measurement of venous or arterial plasma level of NO 2 − + NO 3 − , without knowledge of the arterio-venous concentration difference, may not reflect the change in the production of NO. Given that the concentration of nitrate varies greatly in normal individuals, 22) we should interpret the value of NOx with great caution. Therefore, we obtained blood samples from the coronary sinus and the ostium of the left coronary artery to examine the levels of NOx in the coronary circulation in study patients.
The baseline levels of plasma NO 2 − and NO 3 − are in agreement with previous reports. 22, 23) The baseline NOx A values were not statistically different between the control and VSA patient groups, whereas the baseline NOx V values of the VSA patients were significantly lower than those of the control patients. Furthermore, the NOx difference of the control patients was close to zero while that of the VSA patients was clearly negative. This result indicates that a decreased NOx level in the coronary circulation is a meaningful reflection in the pathophysiological condition of VSA patients. The precise mechanism of this decrease in NOx level remains unknown although there are three possible explanations: (1) a decrease in NO production in the coronary circulation, (2) increased degradation of NO to inactive metabolites, before it acts on the smooth muscle and (3) increased elimination or uptake of NO, NO 2 − or NO 3 − via a metabolic pathway such as conversion to urea within the coronary circulation.
22)
Although there is a possibility of reduced NO production from endothelial cells of the coronary arteries in VSA patients, 14) it would not be sufficient to interpret the negative NOx difference. Even if the NO release is completely suppressed within the entire coronary tree as well as the spasm arteries, the NOx difference would be zero at most. Therefore, the disappearance of NO, NO 2 − or NO 3 − through the coronary circulation, besides reduced NO production, should be taken into consideration for the negative NOx difference in VSA patients. It has been recently shown that oxygen-derived free radicals may partly play a role in the abnormal coronary vasomotor reactivity and anginal attack in patients with VSA. 24, 25) Although the oxygen-derived free radicals generated in the coronary circulation were not investigated in the present study, our observation suggests that there is a possibility of an increased breakdown of NO by oxygen radicals within the coronary circulation. NO is considered to be rapidly oxidized by oxyhemoglobin, molecular oxygen and superoxide anions in vivo. 22, 26) Moreover, many studies [27] [28] [29] indicate that oxidized lipoproteins and low density lipoproteins enhance the inactivation of NO to peroxynitrite by the reaction with superoxide formed by endothelium. Kugiyama, et al. 24) recently demonstrated higher basal generation of lipid peroxidation in the human coronary circulation in VSA patients than in control patients during intracoronary infusion of acetylcholine. Therefore, these results seem to be consistent with the explanation that the increased breakdown of NO within the coronary circulation can be one of the probable mechanisms for the negative NOx difference in the coronary circu-Vol 41 No 5 lation in VSA patients. In fact, the negative NO difference in the coronary circulation was observed in some pathophysiological conditions although the mechanism may be different for each condition. Recchia, et al. 30) recently demonstrated that a negative NO difference in the coronary circulation was observed in dogs with decompensated heart failure. We also showed that a negative NOx difference in the coronary circulation may reflect endothelial dysfunction in patients with severe coronary stenosis. 20) Previous studies have shown that basal coronary tone is elevated at spastic sites in VSA patients 12, 13) and that there is supersensitivity of the dilator effect of nitrovasodilators in the coronary arteries of patients with VSA. [31] [32] [33] Our results are in agreement with these previous studies, and may be persuasive findings to explain the increased basal coronary tone in patients with VSA and the hyperreactivity to nitrovasodilators not only at a localized segment but also in the entire coronary tree in VSA patients. In our study, although the significantly higher basal coronary tone was recognized only at the spastic site, there was a tendency for the basal coronary tone to be diffusely increased in all segments of the left coronary arteries in VSA patients. Moreover, there was a strong negative correlation between the basal tone at the spastic site and the NOx difference in the coronary circulation. Thus, we believe that the diffusely increased coronary tone may be mainly due to the decrease in NOx in the coronary circulation in VSA patients and that the particularly increased basal tone of the spastic segments may be more clearly reflected in this decrease in NOx. However, this decrease in NOx may not be the sole cause of coronary vasospasm because patients with atherosclerosis impaired endothelial NO release are not necessarily associated with coronary vasospasm. In fact, Toyo-oka, et al. 34) reported the contribution of plasma levels of endothelin-1 during the coronary circulation in patients with VSA.
There is considerable interest in the relationship between coronary vasospasm and coronary artery tone on the one hand and endogenous NO level in coronary circulation on the other. As previously reported, 12, 35) the dose of ergonovine required for provocation of spasm differed among patients with VSA, and there was a significant negative correlation between the basal coronary artery tone of the spastic site and the dose of ergonovine required for spasm provocation in our study. Furthermore, the present study demonstrated that there is a significant positive linear relation between the dose of ergonovine required for spasm provocation and the NOx difference in patients with VSA. Therefore, we postulate that a decrease in the amount of NO available to cause vasorelaxation is an underlying mechanism that elevates basal coronary artery tone by making smooth muscle susceptible to vasospastic stimuli (e.g. ergonovine) in patients with VSA. Conclusion: In conclusion, our patients with VSA showed a negative NOx difference in the coronary circulation, which was closely related to the elevated basal tone of the spastic coronary artery, and which may play an important role in the pathophysiological mechanism of coronary vasospasm. Further studies are required to elucidate the precise mechanism of the decrease in the NOx difference in the coronary circulation of VSA patients.
